Because the memory of the bias direction is carried by the antiferromagnetic order in exchange biased films, the stability of the antiferromagnetic order is critical to the existence of the exchange bias field. 
The separation of stable and unstable fractions of the antiferromagnet is based on comparison between the relaxation/fluctuation time scale of the antiferromagnet 11, 9 , τ , with the two time scales of the FMR experiment: the measurement time scale, τ exp , and the period of the microwave excitation, τ res . The relaxation time τ is the typical time required for the AF order to switch from one easy axis to another, or to reverse along the same easy axis 11, 9 A measurement of exchange bias by FMR involves sweeping the applied field magnitude to locate the resonance field, H res , for each of a number of field directions, usually in the plane of the sample. In the experiments described here, this series of field sweeps requires approximately 15 min (τ exp ≈ 10 3 s) to span 360
• in the plane of the sample.
The microwave excitation period is equal to the precession period of the magnetization at resonance, τ res ≈ 10 −10 s in these experiments.
In general, the angular dependence of the measured resonance fields is due to anisotropy fields which are stable on the experimental time scale. Specifically, the unidirectional exchange biasing is due to interaction only with those CoO grains for which τ > τ exp .
However, because the resonance field for a particular applied field direction is determined by perturbing the magnetization at microwave frequencies (9.4 GHz here), individual resonance fields are determined by effective anisotropy fields that need only be stable on a much shorter time scale, the period of the perturbation, τ res ≈ 10 −10 s. The CoO grains with intermediate relaxation times, τ exp > τ > τ res , having "forgotten" the initial conditions, will not contribute to exchange bias, but they will contribute to an isotropic resonance field shift, or rotatable anisotropy 1,2 .
One might expect only very long relaxation times at low temperatures. However, because the ferromagnetic order can exert a torque on the surface layer of antiferromagnetic spins, the energy of the barrier to reversal may go to zero, and the antiferromagnet may be switched for some orientations of the ferromagnetic magnetization. In this situation, in contrast to the model in ref. 9 , exchange bias will not freeze in, and rotatable anisotropy will persist to low temperatures.
Very rapidly fluctuating CoO grains, τ < τ res would not affect the resonance field significantly since any effect they might have would tend to average out over the period of a precession.
A summary of the effects and their relationship to the various time scales is given in Table I .
The linewidth of exchange biased films also depends on the relaxation time of the anti- terms of a large-scale dispersion in the exchange bias field that causes separate regions of the film to resonate at different applied fields 7, 8 . These models of linewidth may be expected to apply when the antiferromagnetic order is stable on the precession time scale.
In addition to these linewidth mechanisms, a third mechanism will be required to explain some of the data shown below. The "slow relaxer" linewidth mechanism 12,13,5 involves coupling of the magnetization to entities that have a relaxation time, τ , comparable to the excitation angular frequency, ω. The slow relaxer model predicts a contribution to the linewidth of the form
For thermally driven relaxation, τ is expected to be strongly temperature dependent, so the slow relaxer linewidth mechanism is expected to produce a peak in the temperature dependence of the linewidth.
The original derivation of the slow relaxer linewidth model was applied to garnet materials where the relaxation involved charge transfer between Fe 3+ and Fe 4+ ions. For the purposes of this paper, however, the relaxing entities are thermally excited antiferromagnetic grains, rather than mobile charges. It is interesting to note that this model also predicts a resonance field shift similar to the rotatable anisotropy described above 
III. RESULTS
The results to be discussed below include measurements of resonance field ( fig. 1 ), linewidth ( fig. 2 ) and exchange bias field ( fig. 3 ).
Angle-averaged in-plane resonance fields are plotted in fig. 1 . At room temperature, the resonance fields differ primarily because of film-to-film variations in surface properties.
Following the data down from room temperature, there is a change in slope of H res (T ) and a shift toward lower H res values, which is interpreted as the onset of a rotatable anisotropy 1,2 .
Linewidth values, measured during cooling and shown in fig. 2 , show peaks as a function of temperature, especially for sample B, the sample with the thin native CoO layer. The linewidth peak temperatures are slightly lower than the onset of rotatable anisotropy discussed above, but the increased linewidths extend to temperatures above the corresponding rotatable anisotropy onsets in fig. 1 . The linewidth increase due to interactions with CoO is quite modest, on the order of 2 mT. For comparison, the linewidth increase observed in NiO-biased films, appropriately scaled is approximately 10 mT 1 .
Finally, the exchange bias field, determined from fits to the angular dependence of the in-plane resonance field, is plotted in fig. 3 . The temperature of exchange bias onset, at the "blocking temperature," is lower than or similar to the rotatable anisotropy onset temperature. The exchange bias fields, on the order of 3 mT are much smaller than the 20 to 30 mT field shifts caused by rotatable anisotropy.
IV. DISCUSSION
The behavior of the film with the thinnest layer of native cobalt oxide (sample B) is consistent with the following scenario 9 . Between 150 K and 300 K, antiferromagnetic order is established in the 3 to 4 nm thick layer of native cobalt oxide, although this order fluctuates rapidly in a manner analogous to superparamagnetic grains of ferromagnetic material. 
